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RESEARCH MEMORANDUM

EXPERTMENTAL INVESTIGATION OF SCREECHING COMBUSTION
IN FULL-SCALE AFTERBURNER

By Karl H. Usow, Carl L. Meyer, and Frederick W. Schulze

SUMMARY

In an effort to extend the existing knowledge of screeching combus-
tion in afterburners, a number of systematic configuration modifications
were made to an afterburner installed on an engine 1n the altitude wind
tunnel to determine thelr effect on the screech characteristices. These
modifications included chaenges in the afterburner diffuser, the fuel
eystem, and the flame holder. Screech characteristics of each modifica-
tion were observed over a range of simulated altitude fiight conditions
corresponding to afterburner-inlet total pressures from 2200 to 4200
pounds per square foot absoclute.

The observations made during this Investigation indicate that some
changes in the geometry of the afterburner diffuser and flame holder have
a pronounced effect on the range of conditions over which screeching
combustion is encountered; in some cases screech was completely eliminsted.
In contrast, it was generally found that screeching combustion could not
be eliminated by changes 1In the geometry of the fuel injection system.

INTRODUCTION

A review of the experience with afterburner and ram-jet combustion
at the NACA Lewis laboratory 1ndicates that screeching combustion was
encountered in both types of combustors on a few isolated occasions
several years ago. These first encounters with screeching combustion
were so rare that the phenomenon was not regarded at that time as a
serious combustion problem. One unpublished cobservation of screeching
combustion wes made with an afterburner as early as 1947; at about the
same time, screeching combustion was observed in a ram-jet engine (ref. 1).
In more recent afterburner Investigations, screeching combustion has
become a more frequent problem. It was generally found that screeching
combustion could be eliminated by changes in Internal afterburner geometry
(refs. 2 and 3).

.
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The present investigation was originelly initiated in the WACA Lewils .
altitude wind tunnel in 'order to eveluate and improve the performance
and stability of a specific afterburner at low burner-inlet pressures
while maintaining good performance and operational characteristics at
high burner-inlet pressures. During the early portion of the program,
configuration changes were made to improve the afterburner performance
and stabllity at low pressures; however, screeching combustion wes
encountered with several of these configurations at higher burner-iniet
pressures. At the same time it was found that the varisble-ares exhaust
nozzle was too smell to permit operatlon over the desired range of fuel-
alr ratio and exhaust-gas temperature; consequently, a larger exhaust
nozzle was installed. With the higher fuel-air ratios thus obtainable,
screeching combustion and its attendant destructiveness became problems
of such severity that the obJective of the investigstion was altered to
that of seeking to determine those factors that Influence screeching
combustion.
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Because an adequate theory explaining the nature or origin of- "
gcreeching combustion did not exlst and because adequate instrumentation
10 explore the details of the process was not avallable, the investiga-
tion was carried on by altering internal afterburner components and -
observing the effects of such alterations on screeching combustion.
These alterations included changes in diffuser innerbody design,
afterburner-inlet flow distribution, flame-holder design, and fuel
injector design. For sbout half the 1nvestigation the presence of
screech was observed by the characteristlc screeching sound. During
the course of the Investigation special instrumentation became asvallable
for the detection of screeching combustlion and the recording of some
screech characteristics. The observations reported herein were obtained
with the aforementiocned afterburner configurations over a range of after-
burner fuel-air ratio and flight conditions. The flight conditions
simlated correspond to afterburner-inlet total pressures from 2200 to
4200 pounds per square foot absolute.

APPARATUS AND INSTRUMENTATION
Engine

The engine used 1n the investigation was an axial-flow turbojet
engine and efterburner combination equipped with a variasble-area iris-type
exhaust nozzle. With the afterburner 1a operation, the manufacturer's
militery-rated turbine-outlet temperature, as indicated by 12 parallel
control thermocouples, is 1670° R.

The over-all length of the afterburner'(fig. 1), including diffuser,

combustion chamber, and exhaust nozzle, is lOL% inches; the meximum .

diameter of the afterburner combustion chamber is 36 inches. A cooling-
air passage, designed at the NACA for the present investigation, surrounded
the rear portion of the afterburner (fig. 1).
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Installation

The engine with afterburner was installed in the altitude wind
tunnel on a wing segment that spanned the 20-foot-diameter test section.
Dry refrigereated air was supplied to the engine from the make-up alr system
through a duct connected to the engine inlet.

Afterburner Configurations

During the investigation, 43 afterburner configurations were used.
These configurations were produced through alterations to the diffuser,
the fleme holder, and the fuel inJjection system. The combiretion of
alterations used to make up each of the configurations 1s summarized
in table I. Detalls of modificatlions to the various components are
described in the following paragraphs.

Diffuser. - Five diffuser innerbodies were used, the detalls of which
are shown in figure 2. These innerbodles include the original configura-
tion (a), three modifications of the originsl (b, c, and d) desizned %o
form a pilot or flame-holding surface at the downstream end of the iuner-
body &8s a possible means of improving burner stability at low burner
pressures, and one modification (e) designed to eliminate (or keep to a
minimum) air-flow separation from the innerbody. Antiswlrl vanes attached
to the skin of the innerbody were installed at the diffuser inlet on 29
of the configurations to reduce turbine-outlet swlrl end thereby elter
the radial mass, or veloclty, dlstribution. Thirteen configurations nad
sets of 33 short antiswirl vanes (fig. 3(a)), while 16 coufigurations
had sets of 48 full-passage vanes {fig. 3(b) and (ec)). A boundary-layer
tripper (fig. 4) was installed on the innerbody of confilguration 43 to
alter the mass and veloclity distributions.

Flame holders. - The 13 flame holders used ln the lnvestigatlon are
illustrated in figure 5. All but three of these were conventional V-gutter
flame holders having projected areas that blocked from 29 to 46.8 percent
of the flow ares at the flame-holder position. The gutter wldths of these

flame holders ranged from l% to 52 inches, and the rumber of asnnular gutter

elements varied from one to four. The three exceptions to this genersl
arrangement were flame holders (I), (X), and (L). Flame holder (I)

(fig. 5(1)) nad two U-shaped circular gutter elements; fleme holder (K)
(fig. 5(k)) comprised U- and V-shaped elements combined to form a star
design; and flsme holder (I.) was a conventional V-gutter incorporating

a long water-cooled annular splitter. The significance of these three
designs wlll be discussed in a later section of this report. The flame
holders were installed in several longitudinal positions along the after-
burner, as indicated in figure 6 and table I.

Fuel-spray bars. - Fuel was injected into the afterburner normal to
the direction of gas flow through conventional spray-bar fuel injectors.
A total of 13 fuel-spray-bar designs was used, the detalls of which are

4
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shown in figure 7. The number of spray bars installed in the afterburner
for each of the several designs investigated varied from 13 to 20. All
but two of the 13 types of spray bars were inserted radially Ilnto the
afterburner. The exceptions, spray bars (b) and (h), were installed so
as to slant downstream. . R L ) _

The fuel-spray bars were located at several longitudinal positions
in the diffuser and combustion chamber, as indicated in figure 8 and
table I. For configurations 28 to 43, fuel-spray bars were located at
two longitudinal positions; separate fuel manifolds and regulating sys-
tems were used for each set of spray bars. It was thus possible to oper-
ate with two separate fuel systems, elther independently or combined,
without shutting down the engine and fecility to maske the change.

Miscellaneous. - Configuration 39 incorporated as a means of disrup-
ting an acoustical oscillation 12 molybdenum-disilicide-coated molybdenum
"antisloshing"” vanes that were unequally spaced around the burner periph-
ery 4 inches downstream of the flame-holder trailing edge. The spacing

between adjacent vanes varied from 7% to ll% inches, and the vanes were
placed at alternate angles of attack of 130 to the direction of flow.
The vanes were stralght rectangular bars 4-—— 16 inches long, 7/8 inch wide
and 1/8 inch thick.

Instrumentation

Instrumentation for the meassurement of pressures and temperatures
was installed in varilous stations in the engine and afterburner, as indi-
cated in figure 9. Total pressures and temperatures at the turbine out-
let were obtained 3 inches downstresm of the rear turblne flange from
three rakes having seven total-pressure tubes, two wall statle-pressure
taps (inner and outer wall), and six thermocouples each. The 12 control
thermocouples connected in parallel were equally spaced around the burner

l% inches from the outer wall 5 inches downstream of the rear turbine

flange. Pressures at the diffuser outlet were taken from a rake contain-
ing 12 total-pressure tubes and en inner and outer wall static-pressure

tap located 3% inches ahead of the rear diffuser flange. When the con-

figuration permitted, flame-holder inlet pressures were measured with a
reke containing 12 total-pressure tubes and inner and outer wall static

taps located 9% inches downstream of the rear diffuser flange. At a loca-

tion l%% inches downstream of the exhaust-nozzle inlet, pressures were

nmeasured by 20 total-pressure tubes, four stream static tubes, and two
well static-pressure taps mounted in a vertlical water-cocled rake. The
afterburner cooling-air passages were instrumented with totel-pressure
tubes, stream static tubes, wall static taps, and thermocouples located
at strateglc polnts so that cooling-air flow could be calculated.

3055
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APterburner skin temperature was measured by silx symmetrically placed
thermocouples located in the plane of the nozzle segment hinge point.

The location of speclal instrumentation, which included an adjust-
able swirl-angle probe (ref. 4) and screech-detecting devices, is shown
in figure 10. The probe from which swirl angle at the turbine outlet
was determined consisted of two total-pressure-indicating tubes facing
+40° from a true upstream direction. At each of several radial positions
the probe was rotated until the two ftubes indicated no difference in
pressure as measured by a mercury U-tube. The angle of flow or swirl
was then taken to be the angle of the probe.

A pressure pickup was employed s the msin electricel meens of
detecting screech. Thils type of transducer *conslists of a catenary
diephragm connected to a strain generating tube wound with temperature-
compensating strain gages. Specifications are: natural frequency,
45,000 cps; dynamic-pressure range, -15 to 500 pounds per square inch;
accuracy, output linear with input 1 percent over full dynamic-pressure
range. The transducer was either surrounded by a water Jjacket and mounted
flush with the afterburner skin or was mounted at the end of a walter-
cooled exponentisl shaped horn. The exporentizl shaped horn (rig. 11)
was designed to keep the pickup away from the intense heat in the after-
burner, thus further protecting the strain gages, wlthout causing any
attenuation of the signel or excessive reflections.

A second type of screech pickup (fig. 12), which employed a condenser
microphone tied to an adjustable water-cooled probe, is referred to as
an acoustic probe. The microphone was located as near the probe sensing
end as possible so as to reduce attenuation of the signsl; also 50 feet
of copper tubing was added after the microphone to simulate an infinite
tube and thus repress any signal reflection. The unit was mounted down-
stream of the flame holder asnd was able to traverse radially across the
burner for a distance of 9 inches from the burner skin.

The outputs of the two transducers were fed, generally, into a
panoramic sonic analyzer that presents graphicelly on its viewlng screen
a plot of amplitude against frequency for a range of 40 to 20,000 cycles
per second and is accurate to 100 cycles per second. The transducers
and analyzers were calibrated so that the approximate root mean square
pressure amplitude of screech could be cglculsted. The viewing screen
was photographed with & 3- to 5-second time exposure; and, since the
point source of light swept the screen in 1 second, three to five traces
appear on the f£film.

Screech was also recorded on a tape recorder and later viewed and
photographed on the panoramic sonic analyzer. In order to check the
accuracy of the screech sensors and viewer, an audio oscillator and
earphones were employed to determine the fundamental screech frequency.
A record of the wave form of screech was obtalned by filming with an
oscilloscope camera the traces produced on & modified dual-tube

oscilloscope.
W
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PROCEDURE

The screech investigation was conducted by meking the previously
described chenges in the afterburner components and noting the effects
of such changes on screech. Flight conditions corresponding to a flight
Mach number of 0.5 at an altitude of 10,000 feet and flight Mach number
of 1.0 at an altitude of 35,000 feet were simulated at the engine inlet
and tunnel test section. Air flowing through the inlet duct was
throttled and refrigerated from approximately see-level conditlons to
glve the desired total pressure and temperature at the engilne inlet
while the tunnel test-section static pressure was maintalned at the
desired altitude pressure. NACA standard values for the simulated
flight conditions were used.

3055

The resulting afterburner-iniet conditions obtained at the two
simmlated Plight conditions are shown in figures 13 and 14. Total
pressures at the afterburner inlet (fig. 13) ranged from about 2200 to
2340 pounds per square foot absolute at the 35,000-foot altitude to 3850
to 4220 pounds per square foot ebsolute at the 10,000-foot altitude. -
Veriations in pressure at a given altitude resulted from differences in
diffuser performance when antiswirl vanes were installed. Since a total
of elght engines wae used during the investigation, variations in
pressure and temperature could have resulted from slight differences in
performence from engine to engine.

The turbine-outlet temperature was held at the manufacturer’s
military-rated value of 1670° R (1210° F) as indicated by 12 parallel
control thermocouples. Afterburner fuel flow was varied between lean
blow-out end the maximum value with wide-open nozzle operation. Manual
control of the iris-type exhaust nozzle did produce some varlation in
the indicated values of control temperature, as shown in figure 14(a).
Greater variastion was encountered in the average turbine-outlet total
temperatures measured by NACA instrumentation, as seen 1n rigure 14(b).
This deviation from the indicated control tempersture is attributed to
deterioration of the control thermocouples and veriations in the
temperature profiles among the engines used. The average afterburner-
inlet total temperatures thus ranged from about 1640° to 1725° R.

The engine and afterburner fuel used throughout the lnvestigation
conformed to specification MIL-F-5624A, grade JP-4, having & lower
heating value of 18,700 Btu per pound and & hydrogen-carbon ratioc of
0.171.

Atmospheric air, throttled to give a weight flow of approximately
3 percent of the engine sir flow, cooled the afterburner shell and
exhaust nozzle. A water spruy augmented the cooling of the exhaust-

nozzle segments.
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For a number of configurations, a quartz window ihstalled in the
afterburner shell between the diffuser-ocutlet flange and the flame holder
was used for visual observetion of combustion. The window was inltially
heated before afterburner operation to avoid thermel shock, and after
ignition of the burner 1t was cooled by compressed sair.

Ignition of the afterburner was accompllished by measns of a hot-streak
system. The original system injected fuel downstream of the turbine;
however, to provide more positive ignition, fuel was alsc Injected up-
stream of the turbine during the present investigation.

RESULTS AND DISCUSSION
Some Characteristics of Screeching Combustion

Screeching combustion is & high-frequency pressure pulsstlon. As
experlenced in the present investigation, the predominent screech fre-
guency was gbout 1000 cycles per second, and the total amplitude of the
pressure oscillations observed varied up to a maximum of about 1700
pounds per square foot (root mean squere) at the burner pressure level
of 4200 pounds per square foot. Typilcal examples of frequency measure-
ments, obtained by use of a panoramic sonic anslyzer, are shown in
figure 15 for operation with and without afterburner screech. The
predominant amplitude can be observed on these traces at a frequency
slightly above 1000 cycles per second, with progressively less predomi-
pant amplitudes at frequencles that are multiples of the basic frequency.
The high-amplitude traces at freguencies up to about 300 cycles per
second were present without screech as well as wlth screech. These low-
frequency oscillations ere therefore attrlibuted to baslic englne noilse.

The wave shape of screeching combustion is illustrated by the
trace presented in flgure 16. The wave shape resembles somewhat that
of a cyclic detonation or explosion, in that the rarefection period is
longer than the compression period. Weve shapes recorded are subJect to
some distortlon caused by the instrumentetion.

The range of afterburner fuel-alr ratioc over which screeching
combustion was encountered generally increased as burner-inlet totel
pressure was raised. This trend is ilJustrated in figure 17, which
also indicates the hysteresls that existed in the screech limlts for most
configurations. At a given burner-inlet pressure, the range of fuel-air
ratio over which screech exlsted was narrower when approaching the
screech zone than when leaving the zone after screech was encountered.
(The fuel-air ratlo presented in figure 17 and subsequent Fflgures is the
ratio of afterburner fuel flow to unburned alr entering the afterburner.)
Over the limited range of burner-inlet temperatures investigated, there
was no consistent effect of inlet temperature on the screech limits.
These observations confirm those of reference 3, which shows no effect

of inlet temperature on screech limits.



8 | RN NACA RM ES3IOL

Observations of exhaust-ges fleme color and turbine-outlet tempera-
ture made during operation with screeching combustion indicate the
poesibllities of good mixing of the fuel and air due to the pressure
oscillations and alsc a rise in combustlon efficlency. With a fixed
exhaust-nozzle area, the occurrence of screech produced a sudden increase
in the indicated turbine-outlet control temperature. At the same time,
the exhaust-gas flames changed in color from a reddish-blue hue to one of
white as a result of the oscillations. This improved mlxing in conjunc-
tlon with & possible rise 1n heat-transfer coefficlent resulted in
increased afterburner shell temperatures during operation with screeching
combustion, as indicated in figure 18. This figure, which shows the
varlation of afterburner shell temperature with afterburner fuel-eir
ratlo, clearly 1llustrates the rise in shell temperature in the region
of screech operation. Destructiveness to the afterburner induced by
operation with screeching combustion becomes more serious and more rapid
as burner-inlet pressure is raised. Damage Incurred was due to the cyclic
pressure osgclillations in combinstion with the elevated metal temperatures,
and the Iincreased destructiveness at high pressures results from the
proportionately increased pressure pulsstions as burner-inlet pressure
is raised. Typlcal fallures produced by screeching combustion include
dameged instrumentation, cracks in welds, and ruptures of the afterburner
shell, an example of which is illustrated in figure 19.

Effect of Diffuser Flow Condltions

Diffuser innerbody. - Some earller work reported.in reference 3
assoclated screech with combustion in low-velocity regions, such as
separation regions or wakes in the fuel-mixing zone. In those experi-
ments, combustlon was observed to exist on the surface of the diffuser
innerbody, and evidence from other investigations indicates that it
might occur on the lee-side of support struts or along the outer wall
of the diffuser.

In order to determine the flow characteristlics entering the burner,
measurements of pressure and swirl angle were cobtained at the diffuser
inlet and outlet. These measurements ilndicated considersble swirl enter-
ing the diffuser and the burner and a large veloclty gradient at the
diffuser outlet. Some typlcal examples of the swlrli angles and veloclty
profiles measured near the diffuser outlet are presented in figure 20(a).
(Velocities were calculated from the rake total pressures with the assump-
tion of uniform static pressure across the passage.) The velocity was
very low near the Innerbody and became very high in the outer half of
the diffuser annulus. It should be noted that some of the configurations
discussed in the subsequent parsgraphs for these diffuser-outlet condi-
tions incorporated short antiswirl vanes at the diffuser Inlet, as
illustrated in figure 3{a). Because these vanes had no appreciable
effect on the diffuser-exit conditions, as shown in figure 20(b), data
thus obtained are grouped with the other data observed with the same
, diffuser-outlet conditions.

3055
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In order to determine the validity of the impression that screeching
combustlon was assoclated primsrily with combustion in the low-velocity
region slong the diffuser innerbody, several configurations were investi-
gated. In some of these confilgurations the fuel injectors were moved
radielly outward to remove any fuel from the low-velocity region along
the innerbody and thus preclude combustion in this region. One example
is configuration 24, which had spray bars (a) (fig. 7) instelled in pad
position (10) (fig. 8). With this arrangement, the innermost fuel injec-

tion point was about 5% inches from the Inmerbody (42 percent of the
passage height), and the fuel-mixing length was 15% Inches. This config-

uration encountered screeching combustion at a burner-inlet pressure of
about 4000 pounds per square foot, but not at a pressure of ebout 2240
pounds per square foot. Visual observation through e quartz window
located upstream of the flame holder verified that there was no burning
along the diffuser innerbody at any time.

Thege observations are typical of those made wlth several other
configurations investigated. It was therefore concluded that screeching
combustion need not necesserily be assoclated with burning along the
diffuser innerbody.

Swirl and velocity profile. - Becsuse screeching combustion had not
been eliminated by eliminating burning in the low-velocity reglon along
the diffuser innerbody, it was considered possible that the swirl and
attendant severe velocity gradient at the diffuser outlet could be factors
influencing screech. As previously mentioned, the short antiswirl vanes
had no effect on turbine-ocutlet swirl; therefore, a set of antiswirl
vanes was installed across the full passage at the turbine outlet to
reduce the swirl. These vanes reduced the swirl considerably, as shown
in figure 20(c). In addition to reducing the swirl, these vanes produced
& velocity profile without steep gradients et the diffuser outlet
(fig. 20(e)).

The reduction in swirl asngle and the improvement in velocity profile
at the diffuser outlet with the full-passage antiswirl vanes ellminated
screeching combustion for some conflguretions with which screech had
previously been encountered. This effect can be 1llustrated by comparing
configurations 14, 25, and 32, which were similar wilth the exception of
the vane installations. Configuration 14 with rno vanes and configuration
25 with the short vanes had the high swirl and severe veloclty gradient,
while configuration 32 with the long vanes had the reduced swirl and
improved veloecity profile. Although screeching combustion was encountered
wilth conflgurations 14 and 25 at a burner-inlet total pressure of 4000
pounds per square foot, no screech was experienced at this condition
with configuration 32, as illustrated in figure 22(a). A similar effect
is shown by comparing configuration 26 having short vanes with
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configuration 28 having long vanes. Screeching combustlon was encountered .
with configuration 26 at burner-inlet total pressures of 2250 and 4070

pounds per square foot. Configuration 28 was free of screech at pressures

as high as 3850 pounds per square foot (fig. 22(a)).

In order to determine whether the change 1in swirl or in velocity
profile was the importent factor responsible for eliminating the screech-
ing combustion, s boundary-layer tripper (fig. 4) was placed on the
diffuser innerbody with the full-passage antiswir. vanes installed
(configuration 43). The purpose of this tripper was to induce flow
separation with the full-passage antiswirl venes instelled and thereby
provide a severe veloclty gradient, simllar to that with no antiswirl
vanes, while the swirl was maintained at a relatively low angle. In
the lnner 60 percent of the annulus, the diffuser-outlet velocity profile
closely approximated that of the configuration without vanes, as shown
in figure 21. . .

3055

The effect of veloclty profile on screech 1s illustrated in figure
22(b), which compares configurations 14, 32, and 43, which were similar
except for diffuser flow conditions. Configuration 14 had both swirl
end a severe velocity gradient; conflguration 32 had both reduced swirl -
and more uniform velocity profile; and configuration 43 had the reduced
swirl with the severe veloclty gradient. Both configurations 14 and 43
operated with screeching combustion at burner-inliet total pressures near
4000 pounds per square foot, but configuration 32, as previously mentioned,
operated in this pressure range without screech.

On the basis of these data 1t 1s believed that the alteration in
diffuser-outlet velocity profile was the primary factor responsible for
eliminating screeching combustlon in the configurations dilscussed. It
ghould be noted that, although effectlive in several cases, lmprovement
in the diffuser-outlet velocity profile is not a universal remedy for
eliminating screeching combustlon, inasmuch as several subsequent config-
urations employing the full-passage antiswirl venes did encounter screech.
In addition, it 1s possible that the distribution of fuel-air ratic may
have been affected to some degree by installatlion of the vanes or the
tripper, since the range of fuel-dir ratlo over which screeching combus-
tion was encountered differed between configurations 14 and 43.

However, this effect is considered to be only of secondeary importance,
as the succeeding discussion will indicate.

Effect of Fuel System and Flame Holder
Additionsl observations were made during the investigation to deter- .

mine the effect on screeching combustion of the several fuel-system and
flame-holder configurations used. These observations are summarlzed in

the following paragraphs.



GG0¢

CE-2 back

RACA RM ES53I01 L 11

Fuel system. - The large number of fuel-spray bars used during the
investigation were selected and installed so that radial fuel distribution
and fuel-mixing length were varled considerably. It was found that, in
general, screeching combustion could not be eliminated by changes in fuel
distribution. This insensitivity of screeching combustion to fuel dis-
tribution was particularly true with a reasonsbly uniform diffuser-cutlet
velocity profile.

Exceptlions to the absence of a fuel-distribution effect were encoun-
tered only with a severe diffuser-outlet welocity gradient. An exsmple
of this exception can be obeserved by comparing configurations 7 and 8
with conflgurations 9 and 10. These four configurations had severe
gradients in diffuser-outlet velocity profile and were otherwise similar
except for the fuel systems. Configurations 7 end 8 provided fuel injec-
tion across the entire diffuser passage, whereas configurations 9 and 10
provided no fuel in the lnner portion of the annulus. 8hifting the fuel
concentration radlally outward away from the innerbody with configurations
9 and 10 eliminated the screech previously encountered with configurations
7 and 8 at a burner-inlet total pressure of sbout 4200 pounds per square
foot. This exception indicates that, when the dlffuser-outlet veloclty
gradient is severe, slterations in radlal Pfuel distribution may be effec-
tive in eliminating screeching combustion.

It was observed that varistions in fuel-mixing length 41d not have
any conslstent effect on screeching combustion, although there was in
some cases & trend of decreased tendency to screech as fuel-mixing
length was reduced. This tendency is illustrated by a comparison of
configurations 30 and 31, which both had reasonably good diffuser-outlet
veloclity profiles and were identical except for fuel-system changes.

Configuration 30 was operated with fuel-mixing lengths of 3 and 15% inches,

and configuration 31 was operated with fuel-mixing lengths of 15% and 27%

inches. Screeching combustion was not encountered with a fuel-mixing

length of 3 inches with configuration 30 or 15% inches with elther of the
two configurations. Inecreasing the fuel-mixing length to 27% inches
with configuration 31 dld result 1n screeching combustlon. This observa-
tion Indicates that, in some cases, reducing the fuel-mixing lergth will
eliminate screeching combustion. When attempting to eliminste screech
by reducing fuel-mixing length, ceution must be exercised so that the
fuel-mixing length 1s not shortened to the extent that burner performance
is impaired. For example, reducling fuel-mixing length to as little as

3 inches would certainly reduce burner performance, particularly at high
altitudes, although & mixing Jlength of gbout 15 Inches is generally
considered adequate for good sltitude performance.
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Flame holder. - It was noted early in the investigation that in
some cases changes in flame-holder geometry altered the limits of
screeching combustion. As an example, configurations 10 and 12 were
similar except for the flame-holder geometry. Both conflguratlons
included conventional circular-ring 2-V-gutter flame holders, but the
flame holder of configuration 10 (flame holder (A)) had smaller gutter
widths, lerger ring dlameters, and less stagger between the two rings
than that of configuration 12 (flame holder (C)). The flame holder of
configuration.i2 also incorporated some small tabs or flow trippers at
the trailing edge of the gutters. At a burner-inlet total pressure of
about 4200 pounds per square foot absolute, screech was encountered with
configurstion 12 but not with configuration 10.

3055

Another observetion was that the afterburner shell and exhaust-
nozzle segments overheated in meny cases during operation wilth screech-
ing combustion. It appeared that during such operation the flame became
very turbulent and spread rapldly in much the same manner as that reported
in reference 5. Based on this observation, it was believed that the
distance between the outer gutter of the flame holder and the burner wall
might be a factor lnfluencing screeching combustion.

Screech cccurred, for example, at a pressure level of 4220 pounds
per square foot asbsolute in configuration 12, where the distance between
Plame holder (C) and the burner wall was l% inches. Configuration 11,
in which the distance was 2% Inches, did not screech at this level.

However, in configurations 21, 22, and 23, where the flame holders were
3

SZ to 4 inches from the burner wall, only the one wlth the greatest

distance did not screech. Because variables such as blockage were not
controlled in these configurations, the degree to which the distance
factor influences screeching combustion is inconclusive.

Further comparison of configurations 21, 22, and 23 led to the belief
that flame-holder gutter width could have been the influencing factor
instead of dlstance from the outer gutter to the burner wall. Figure
22{c) presents an evaluation of these three flame holders. One of these
was a flame holder having a single V-gutter with a gutter width of

5— inches and an outer dlameter of 28 inches (fleme holder (G), config-

uration 22). Screeching combustion was encountered with this configura-
tion over the entire operable range of fuel-air ratioc at a burner-inlet
total pressure of 2240 pounds per square foot absolute (fig. 22(c)); in
fact, the observation of an audible sound with the afterburner inoperative

suggested that this flame holder was Inducing e flow instability even in -
the sbsence of combustion. The flame holder with gutter widths of
2% and afg inches (fleme holder (F), configuration 21) did not screech .
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at burner-inlet total pressures as high as 4070 pounds per square foot
absolute; while the flame holder with an outer-gutter width of 313 inches

(fleme holder (H), configuration 23) screeched at a burner-inlet total
pressure of 2240 pounds per square foot absolute (fig. 22(c)). The
observetions made with these three flame holders strongly suggested that
flame-holder gutter width was an important factor.

A statistical summary was made of nearly sll the flame-holder
configurations used in this investigation. Comparison of these flame
holders, which had various gutter widths as well as different fuel
systems, verified the premise that f£lame-holder gutter wlidth was an
Important factor affecting screeching combustion (fig. 23). The verti-
cal scale on figure 23 indlicates the number of different configurations
in which a flame holder of a given gutter width was incorporated; and
the flame holders are grouped according to gutter width, in some cases
a single bar representing observations made with two flame holders
heving the same gutter width. From this summary, which Includes gutter

widths from.L% to 52 inches, it 1s very apparent that increasing

gutter width increased the tendency for screeching combustion to occur.
(Variations in blockages among the flame holders were not considered
in this summary.) Although no screech was encountered in this investi-

gation with flame holders having a gutter width of l% inches or less,

this particular value does not have general significance. Unpublished
cbservations obtained with another afterburner operating at a burner-
Inlet pressure of sbout 3500 pounds per square foot asbsolute revealed
that screeching combustion was encountered with & flame holder having a
gutter width of only 3/4 inch, although the screech was less severe
than that with wlder-gutter flame holders.

Another factor considered of possible lmportance in Influencing
screeching combustion was the vortex systems formed by the flame-holder
gutters. In an effort to alter the vortex systems, flasme holders such
as (D) and (H) were investigated. These flame holders had conventional
2-V-gutters, except that the inner and outer trailing edges of each
gutter were in different planes. Screeching combustion was observed
for both flame holders.

In a further attempt to alter the flame-holder vortex system, a large
water-cooled cylindrical splitter was Iinstalled in the single-ring
V-gutter flame holder having a Sé-inch gutter width (configuration 37).

The water cooling the splitter was discharged into the gas stream at the
trailing edge of the splitter. This splitter extended downstream from

the apex of the gutter in such & manner as fo prevent interaction of the
vortices formed from the inner and outer edges of the gutter (fig. 5(1)).
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It is consldered significant that screech was not encountered with this
flame-holder configuration at burner-inlet total pressures as high as
3850 pounds per sguare foot gbsolute, although the same flame holder
without the splitter plate screeched at this burner-inlet pressure as
well as at pressures as low as 2240 pounds per square foot (fig. 22(4)).
Similar observations were made with the same two flame holders installed
in another afterburner.

The manner in which the splitter serves to ellminate screeching
combustion is not definitely established. One possibility is that the
splitter eliminsted interaction. of the vortices and thereby prevented
shedding from the flame holder in & manner simllar to the observations
of reference 6. On the basis of recent experiments, as yet unpublished,
that indlicate screeching combustion 1s associated with acoustical
phenomena, it is possible that the splitter served as a damper, dlsrup-
ting acoustical oscillations set up in the burner by the flaeme holder.

Becvause an annular flame holder is everywhere symmetrical with
itself and the afterburner shell, 1t was considered pertinent to deter-
mine whether destroying this symmetry would have any effect on the screech
characteristics. 1In order to do so, & flame holder with the gutters
arranged in a star shape (flame holder (K)) was incorporsted in config-
uration 36. As indicated by figure 22(e), this flame holder screeched
badly, and the screech frequency wag the same as that obtained with the
more conventional flame holders.

Miscellaneous observations. - One observation thet has been made
is that screeching combustion is not necessarily related to good combus-
tion performance and attendent high combustion efficiencies. For
example, the flame-seat distribution of flame holders (G) and (H) is not
ideal, and afterburner performance was thus poor. However, screeching
combustion was encountered with configurations including these flame
holders.

During operation with configuration 39, an acoustic probe, located
a few inches downstream of the flame holder, was traversed radially
inward from the afterburner shell during.a mild screech condition. From
observation of the panoramic sonic analyzer, there was no change in the
frequency of screech across the burner. There was a slight variation in
the amplitude of pressure pulsations, as shown in figure 24; but no
particular significance has been attached to these measurements, since
it has not been possible to correlate them with any acoustical oscilla-
tion that might exist in the burner. It should be noted that this con-
figuration included a set of small antisloshing venes inserted in an
attempt to disrupt an acoustical osclllation of this type. It is now
believed that these vanes were too small. to have any measurable effect
on screeching combustion.

3055
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Another interesting observation was made while operating configu-
ration 38, which had both sn upstream and a downstream set of fuel
injectors. The fuel flow to the downstream fuel injectors was held
constant; and, while the flow from the upstream set was being increased,
screech was encountered et a fuel-air ratio of 0.024. As upstream fuel
flow was further increased, the screech disappesred and then reappeared
at a fuel-air ratio of about 0.052. As Indicated in figure 25, the
screech frequency was about 950 cycles per second at the lower fuel-air
ratio and had lncreased to about 1050 cycles per second at the higher
value. This trend of increased frequency wilth fuel-air ratio is in
agreement with the observations reported in reference 5. Furthermore,
if screech is an acoustical phenomenon, screech frequency would be
expected to increase with fuel-zir ratio and the attendant increase in
gae temperature, since freguency is proportional to the speed of sound
in the combustion region.

In order to determine what wave length would correspond to the
nominal basic frequency observed with this afterburner, provided the
screech was assoclated with an acoustical coupling, the combustion-gas
temperature was estimated on the basis of fuel-air ratio, and the wave
length was calculated. The value of wave length computed for a fre-
quency of 1000 cycles per second corresponded very closely with the
burner diameter at the flame holder. Similar computations were made
for other screeching afterburners with the same results.

CONCLUDING REMARKE

Because no adequate theory existed to explain the origin or nature
of screeching combustion in afterburners, and because approprlate
instrumentation was not avallable to measure accurately the combustion
end aerodynemic phenomena occurring during screech, a cut-and-try
experimental program was conducted to determine whether or not simple
changes in the component parts of an afterburner could be made to
eliminate screech. Although the origin of the oscillations was not
determined, the observations made during this investigation indicate
that some changes in the geometry of the afterburner diffuser and flame
holder have & pronounced effect on the range of conditions over which
screeching combustion is encountered and in some cases may eliminate
screech completely. In contrast, it was generally found that-screeching
combustion with a gilven afterburner geometry could not be eliminated by
changes in the fuel system.

With regard to the diffuser modifications that were effective, it
was found that screech was encountered even in cases where no burning
existed along the diffuser innerbody, although other investigations
have shown that eliminating burning in this region eliminsted screech.
It was also found that screeching combustion could be eliminated in
some cases by modifying the diffuser so as to provide a more uniform
velocity profile at the burner inlet.
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The most pronounced effect of flame-holder geometry on screeching
combustion was found to be that of varying gutter width. Reducing
gutter width reduced the tendency of the burner to screech, the flame
holders with the smallest gutters being screech-free. Screeching combus-
tion was also eliminated by instelling a long water-cooled cylindrical
splitter on a large single-V-gutter flame holder. The function of this
splitter was believed to be either that of preventing interaction between
the vortices from opposite edges of the gutter and the resultent shedding
of vortices, or damping of the acoustical oscillations belleved by some
experimenters to be the cause of screech.

Lewis Flight Propulsion Laboratory o
National Advisory Committee for Aeronsutics
Cleveland, Chio, September 3, 1953

REFERENCES

1. Dupree, D. T., Nussdorfer, T. J., and Sterbentz, W. H.: Altitude-
Wind-Tunnel Investigation of Various Can-Type Burners in Bumblebee
18-Inch Ram Jet. NACA RM E8L20, 1949.

2. Conrad, E. William, and Campbell, Carl E.: Altitude Wind Tunnel
Investigation of High—Temperature Afterburners. NACA RM ES1I.0O7,
1852.

3. Conrad, E. Wiiliam, Schulze, Frederick W., and Usow, Karl H.:
Effect of Diffuser Design, Diffuser-Exit Velocity Profile, and Fuel
Distribution on Altitude Performance of Several Afterburner Config-
urations. NACA RM E53A30, 1953.

4. Gettelman, Clarence C., and Krause, Lloyd N.: Conslderations Entering
into the Selection of Probes for Pressure Measurement 1n Jet Engines.
Proc. Inst. Soc. Am., Paper No. 52-12-1, vol. 7, 1952, pp. 134-137.

5. Bragdon, Thomss A., Lewls, George D.; and King, Charles H.: Interim
Report on Experimental Investigation of Hlgh Frequéncy Oscillations
in Ram-Jet Combustion Chambers. M.I.T. Meteor Rep. UAC-53, Res.
Dept.S United Aircraft Corp., Oct. 1951. (BuOrd Contract NOrd
9845.

6. Roshko, Anatol: On the Development of Turbulent Wakes from Vortex
Streets. NACA TN 2913, 1953.

3055



3055

CE-3

NACA RM ES3IOL

TABLE T.

- SUMMARY OF CONFIGURATION DETATLS

el o o e oy Sekage; [Doa e R T e TWTwlng Tength] nossie.
c¢onfigu-{ tion tion [position| percent tion bars position| pad to pad,
ration in.
1 2 2+ fwore { d | 3 | = (a) 20 t8) i) 8=all
2 i 0 Hone (a) (&3] 32 (=) 20 (7 0 Szall
3 4 2 | (&) {2) 32 [} (&) ;
4 Iy L Xone | (A) (2) 32 3] 20 (s) 104 g3all
s n b Wons | (B) (2) 33 (=) 20 (1) sy Small
8 B b Nona (B) (2} as (a} 20 {9) 108 Small
7 c [ None {a) {1) 32 (e} 20 (%) 5 Swali
[ c e Xone | (&) (1) 32 [£2] 20 (1 13 Small
8 c o |mona | (a) 1) 32 (s} 20 (2) 73 Swall
a0 c c None (A) 1) (n} 29 3] Varied Swall
e B A Hhm—s
15 D e Wone | (D) (5) 36.6 (1} 16 (9) eary Large
14 E - None (E) {8} 55 (a} 20 (a} Large
i S - i =) -
17 r 4 ghert | (E) (&) 35 (1) 16 (9} 2213 Large
18 r d Short | (D) (1.3 36.6 {1) 16 (%:}] 22 Large
18 ¥ d Short [ (D) (4} 36.6 (1) 18 (9} 1 Large
20 r [ short | (D) (6] 36.5 {1) 16 (10) 153 Large
21 a . short | (F) (e} 2%.8 [£1] 16 (20} Large
22 a . short | (@) (€) 40 (x) 20 (10) 155 Large
23 Q [ Short | (H) (&} 32 {k) 20 (10} 155 Large
24 [} a Short | (E) [CH 35 {a) 20 (10) 153 Large
a5 g o ishort| (E) (6} 38 (a) 20 (8) org Large
26 [] e Short | (=} (&} 38 {k) 19 (10) 13'7‘.‘ Large
27 a . Short | (I) [(:}] 58 {k) 20 (10) 15 Large
28 ):4 e Long (E} (s} 55 :3 :: :ﬁ; 1:r Large
T
29 E . Long | (E) (6} 35 é:’, :: &‘3 1:‘- Large
1 o lmg | [ @ | s G lx (o] = Targe
() 20 (10) 18]
31 H . Long (1) ()] 34 (a) 20 (8} 27;_ Large
(x} 20 (10) 15}
32 4 o Long | (%) (e} 335 (a) 20 (8) 27 Lerge
3
55 x ¢ |[Leg | (D} (e) 36.8 :3 : ::c,’) :?; Large
) 20 {10) 3
34 -4 . Long |} (D) (3] 36.8 (a) 20 (@) ::z Lavge
(x) 20 (10} 15
b-1.1 b:4 . Long () (6} 35.6 (=) . (@ 2_% large
38 4 . Long (K} (&) 3.5 be) = o) 1% Large
(a) 20 (8} 2%
(x) 20 (10} e
37 E 3 Long (L) (8} 40 (a) 20 ™) 27{,’- Large
(x) 20 (10) 153
38 H . Long {a) (&) 40 (ay 20 (a) 2’; Large
L
*39 E . Long | (D) (&) 56.6 ::; : ::z) :::‘-,; Large
(z) 20 (9) 2
40 I a Long (x} (1} 38.1 () 20 T3 151!&_ Large
(1) 20 (9) 5
41 I [y Loag (n) (1) 39.1 ) 20 . 1:;;: Large
35 20 (s) g
42 I a Long {x} (1) 39.1 (m) 2 - 131% Largs
bys 7 ¢ Jrong | (@) (6} =5 e = ot g Lar
(a) 20 (8) 27} &
2antisloshing bars. ACA

Tripper on inrerbody.

17



Figure 1.

m Cooling-alr passage

- Details of afterburner shell and diffuser section.

Le— Diffuser > Combustion chamber *r Nozzle —o!
Wesgte
g&te-{ Rear
Plenum
Turbine- ffuser- Front Cooling-air chambe:
outlet outlet plenum passage
flange flange chamber \ : | ~Nozzle
\ actuator
, ; ‘ s N linksge
l 93°
-—Nozzle
. | segments
558 5 a1 L
1aml. 36 diem. 3%y diam. 28g dlem.
full open
22z - ] -
i1am /\§
_L 11° 30!
Lx\\\ﬁg\\\\\\\\ /
AN
1 1 1 1 1 1l
4—23-2-—---6+-—— 152—4-* 7—2-—0--1——261——--—-121-—-4—2- -
1
1ot n »

<RE

(A11 dimensions in inches.)

8502

8T

TOIESE WH VOVN




3055

CE~3 back

L)

WACA RM ES53I01

Turbine-outlet flange
,._A 23% —..!/—Rea.r diffuser flange
]

G . 19

-

1 32 —~ T 26 ]
16il ¥ 18 rad.
16 .1 3 i
rad. 114 5— rad.
l rad. 4 6
t - —
H

() TInnerbody e (originef}.

1,

€

ll‘ 32 A—%

(¢) Innerbody c.

i

(b) Innerbody b.

RS
-

[N P

ook

(d) Ionerbody d.

o0
b
L.

(e) TInnerbody e. W

Figure 2. - Detsils of diffuser immerbodies investigated. (A1l dimensions in inches.)
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Figure 5. - Details of flame holders investigated. (ALl
dimensions in inches.)
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(c) Flame holder (C). Blocked areas, 418.4 square inches.
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Figure 5. - Continued. Details of flame holders investigated.
(A1l dimensions in inches.)

a5



26

NACA RM ES3I01

%4

(e) Flame holder (E). Blocked area, 357.5 square inches.
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(f) Flame holder (F). Blocked area, 254.2 square inches.

Figure 5. - Continued. Detaills of flame holders investigated.

(A1l dimensions in inches.)
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Figure 5. - Continued. Details of Plame holders investigated.
(A1l dimensions in inches.)
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(1) Flame holder (L). Blocked area, 402 square inches.

Figure 5. - Continued. Detalls of flame holders investigated. (All
dimensions in inches.)
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Figure 14. - Typlcal turbine-outlet temperstures.
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(b) Flush-mounted strain-gage pressure pickup; screeching combustion.

Figure 15. - Typical exemples of panoramlc traces sensed by various transducers.
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Flgure 15. - Continued. Typlcel examples of panoramic treces mensed by various transducers.
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Figure 15, - Concluded. Typical examples of panoramic traces sensed by various transducers.
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Figure 17. -~ Variation of screech limits with pressure level of operstion

for configuration 37.
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Figure 18. - Effect of screech on afterburner skin temperature.
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Figure 19. - Destruction of ccmbustion chamber dme to soreech. Configuration 36.
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Figure 20. - Diffuser flow conditions.
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FPigure 20. - Continued. Diffuser flow conditlons. -
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(b) Conditions with 33 short antiswirl vanes.

Figure 20. - Continued. Diffuser flow conditions.
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(b) Concluded.

Figure 20. - Continued.

Conditions with 33 short antiswlirl vanes.

Diffuser flow conditions.
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Figure 20. - Continued. Diffuser flow conditions.
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(c) Concluded. Conditions with full-passage antiswirl vanes.

Flgure 20. - Concluded. Diffuser flow conaitions.
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Figure 21. - Effect of boundary-layer tripper on velocity profile.
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(a) Effect of antiswirl vanes.
Figure 22. - Screech limits.
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Figure 22. - Continued. Screech liwits.
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(e) Effect of star-shaped fleme holder. Burner-inlet
total pressure, 3850 pounds per square foot absolute.

Figure 22. - Concluded. Screech Iimits.
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Figure 23. - Varlation of flame-holder proueness to screech with

gutter width at burner-inlet total pressures from 3850 to 4220
pounds per square foot absolute.
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Figure 24. - Varlation of screech pressure amplitude downstreem of flame
holder. Confilguration 39.
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(b) Soreech &t low fuel-alr ratio (0.024).

Flgure 25, - Tape recording of frequency shift between screech at high and low fuel-air

retlos.
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Figure 25. - Concluded. Tape recording of frsquency shift between soreech at high and low

fuel-alr ratios,.
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